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In this work, a dual-side parabolic structural (DSPS) multimode interference (MMI) thermo—optic (TO) waveguide
switch is designed and fabricated by using novel low-loss fluorinated photopolymer materials. Comparing with the tradi-
tional dual-side linear structural (DSLS) MMI device, the effective length of the MMI coupling region proposed can be
effectively reduced by 40%. The thermal stability of the waveguide material is analyzed, and the optical characteristics of
the switching chip are simulated. The actual performances of the entire MMI switch are measured with an insertion loss of
7 dB, switching power of 15 mW and an extinction ratio of 28 dB. In contrast to the traditional MMI optical switch, the new
type of parabolic structural MMI TO waveguide switch exhibits lower power consumption and larger extinction ratio. The
compact fluorinated polymer MMI TO switches are suitable well for realizing miniaturization, high-properties, and lower

cost of photonic integrated circuits.

Keywords: fluorinated photopolymer materials, parabolic structural MMI, thermo—optic waveguide switches

PACS: 42.79.Gn, 42.79.Ta, 72.80.Le

1. Introduction

Currently, the highly integrated optical transmission sys-
tems are the key components for building broadband optical
communication networks.!!™* Specially, thermo—optic (TO)
switching devices are essential parts in photonics integrated
circuits which can be applied to reconfigurable optical trans-

[5-91 Compared with the fiber-type TO op-

mission networks.
tical switches, the waveguide-type TO switches have cap-
tured considerable interest such as functional compact pho-
tonic chips with smaller size, lower driving power consump-
tion and faster response. Diversified TO waveguide switch-
ing structures have been used in actual optical chips, such as
x-junction,[lo’“] Mach—Zehnder interference (MZI),[12‘14] di-
rectional coupling (DC) and multimode interference (MMI)
type, [15-19]
uide switches, the MMI TO waveguide switches with high-

etc. Compared with the other structural TO waveg-

integration and lower process tolerance are more suitable to re-
alizing N x N multi-channel integrated switching matrixes for
high-quality photonic chips.?*-??! Presently, functional poly-
mers as waveguide materials have been widely adopted for the
MMI TO switch with large TO coefficient, tunable refractive
index and flexible fabrication process rather than inorganic
waveguide materials such as silicon, InP and SOI, etc.[23-27]
It can be predicted that the polymer MMI TO waveguide

DOI: 10.1088/1674-1056/28/4/044207

switches may play a significant role in improving the per-
formances of the high-integration photonic circuits for high-
speed optical cross-connect system.

In this work, a highly compact 2x2 dual-side parabolic
structural MMI TO waveguide switch with larger extinction
ratio and lower driving power consumption than the traditional
dual-side linear structure of MMI is designed and fabricated
based on low-loss fluorinated photopolymer materials. The
thermal stability of the waveguide material is analyzed and
the optical characteristics of the switching chip are simulated.
The structural morphologies of the actual waveguide MMI re-
gion and electrode heater are characterized. The actual perfor-
mances of the entire MMI switches proposed are measured.
The types of the MMI TO switches are very suitable for serv-
ing as switching matrix of photonic integrated circuits.

2. Experiment
2.1. Waveguide material

To realize the DSPS MMI switches, the low-loss fluori-
nated photopolymers are synthesized as the core waveguide
materials. The functional polymers are composed of fluori-
nated epoxy resin (FSU-8) and fluorinated epoxy-terminated
polycarbonates (FBPA-PC EP). The refractive indices and
cross-linking densities of the fluorinated photopolymers can

*Project supported by the National Key Research and Development Program of China (Grant No. 2016 YFB0402502), the National Natural Science Foundation
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be tuned and controlled by changing the dose of the FSU-
8.The waveguide materials are prepared by mixing FSU-8
and FBPA-PC EP with the solvent and a photoinitiator. The
molecular structure of FSU-8 and FBPA-PC EP are shown in
Fig. 1(a). Comparing with the common waveguide materi-
als, C—H bonds replaced by C-F bonds in the photopolymer
can reduce the intrinsic optical absorption loss of this waveg-
uide material in the near-infrared wavelength region between
1310 nm and 1550 nm. The near-infrared absorption spectrum
of the fluorinated photopolymer film is shown in Fig. 1(b).
It can be obviously observed that the mixture of FSU-8 and
FBPA-PC EP has almost no optical absorption in a range from
400 nm to 2000 nm compared with the commercial photoresist
SU-8.

It can be explained that the material absorption loss of
SU-8 is mainly due to C—H bond vibration absorption in the
near-infrared wavelength region. The model of the vibration
absorption can be approximately regarded as simple harmonic
motion, and the vibration rate equation is given as

1 K
wom\/;, (1)

_ mimy (2)
my +nmy ’

where @ is the vibration base-band of the C—H bond, x is a
chemical constant, u is the reduced mass of C—H atomic pair,
my and m; are the atomic weight of carbon atom and hydrogen
atom, respectively.

The v-th (v is quantum number) vibration frequency of
diatomic molecule defined vycan be expressed as

vy = WL — BV, 3)

where B is a constant. When the hydrogen atom is replaced
with larger relative atomic mass, such as fluorine atom, The
molecular mass can be increased and it makes all harmonic
frequency reduced. Thus the low loss wave band will have a
red shift. So the resonance and coupled vibration absorption
of C—F bonds are smaller than those of C—H bonds in near in-
frared region.*8! The FSU-8 material can significantly reduce
the absorption loss.

The refractive index of the cross-linked fluorinated mix-
ture can be tuned from 1.495 to 1.565 at 1550-nm wave-
length when the content of FSU-8 is changed from 10 mol% to
75 mol%. The thermal stability of the fluorinated photopoly-
mer is characterized. Tg of this fluorinated polymer, as glass
transition temperature, is measured to be 142 °C by differ-
ential scanning calorimetry (DSC). The temperature Td for
5% weight loss of the epoxy cross-linked polymer is obtained
to be 303 °C by thermo gravity analysis (TGA). Poly(methyl
methacrylate) (PMMA) as a mature material for plastic opti-
cal fiber (POF) system is synthesized and used as the cladding

material. The refractive index of the PMMA is measured to
be 1.480 by ellipsometer. The merits of these functional poly-
mer waveguide materials can provide adequate guarantee for
realizing the new dual-side parabolic structural MMI switches
with high performances.
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Fig. 1. (a) Molecular structure of fluorinated photopolymer (FBPA-
PC EP and FSU-8); (b) Near-infrared absorption spectrum of FSU-
8(25%)/FBPA-PC EP and Commercial SU-8.

2.2. Design of 2 x2 parabolic MMI-TO switch

The schematic diagram of the DSPS MMI TO waveguide
switch is shown in Fig. 2(a). The largest width (W}) of MMI
region connecting to input and output channel is 50 um. The
narrowest width (W,) in the middle of MMI region is 35 pum.
The length (Ly,) of entire MMI region is 1610 pm. The elec-
trode heater upon the cladding PMMA is set to be in the cen-
ter of the MMI region. The width (W;) and the length (L) of
the electrode are designed to be 25 um and 400 pm, respec-
tively. The width of input and output channel waveguide are
both 5 pm, and the width of the taper waveguide connecting
to the MMI region is enlarged to 10 um for enhancing cou-
pling efficiency. The transitional length for the taper structure
is 500 um. The cross-sectional waveguide structure with the
electrode is shown in Fig. 2(b). The size of the core waveguide
is 3 pumx5 pwm. The thickness of SiO, buffer layer on silicon
substrate as lower cladding is 5 pm and that of the PMMA
upper cladding is 2 um. The thickness of the Al electrode is
60 nm. The refractive index of the fluorinated photopolymer,
PMMA-GMA and SiO, substrate are 1.526, 1.485, and 1.444,
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respectively. The TO coefficient of the fluorinated photopoly-
meris —1.85 x 1 m~1.K~!.

() ol

Al electrode

Y

(b) L—' x

Fig. 2. (a) Overall structure of DSPS MMI TO waveguide switch, and
(b) cross-sectional waveguide structure with electrode.

2.2.1. Small size of compact MMI region

Compared with the traditional dual-side linear structure
of MMI, the DSPS MMI is given in Fig. 3(a). It can be found
that for the same waveguide material and size, the length L,
of MMI region can be effectively reduced to 38.0%, less than
the length of traditional DSLS MMI structure for realizing a
similar coupling function.

Based on the self-image principle of MMI, the dispersion
relation at any position z of DSPS MMI can be expressed as

2n 2_ _ btz
(%m) =Kn (@’ A, Ko= 5o

where K, (z) and B,(z) are the lateral wavenumber and propa-

“4)

gation constant of the mode v at position z, respectively; W (z)
is the effective MMI width at the position z of DSPS MMI,
and v is a mode number such as 0, 1, ..., m— 1, m, where m is
the number of effective modes. and #;, is the effective index of
the traditional MMI region. The propagation constant spacing
from the v-th mode to the fundamental one with propagation
constants of f3,(z) and (z) can be expressed as

v(v+2)mAo
0(z) —Bv(z)m —————. (5)
Bo(z) = B (2) W (2
For the DSLS MM, the beat length L is defined as
T 4anl2
Ly=o—7 = ; (6)
T BB 3k

where W is the traditional width of traditional MMI region and
A is the signal wavelength.

For the DSPS MMI proposed, the varying width W (z) of
the DSPS MMI region can be given as
Lm>27 A:4(‘/Vl_Wn)

W(z) = Wy +A x (Li(Z) - PR

> > )

where L;(z) is defined as the length of DSPS MMI region, cor-
responding to different positions; Ly, is the total length of the
DSPS MMI region; W) is the largest width of DSPS MMI re-
gion connecting to input and output channels, which is also the
same as the traditional width of the traditional MMI region; W,
is the narrowest width in the middle of DSPS MMI region at
Li=Ln/2.

For the beat length of DSPS MMI region, the formulas

are shown as

=T _ 4”rle,
Bo—B1  3ady

a = W
2(W + W) (Wa + Wy)

W2 tan™ (W — W)/ (We + Wi)]'/2
2(Wi—Wa) 2 (W +Wo)¥2 7

A ne\ 2° ~1)2
W= (57) (%) G-, ®

where n, and n, are the effective indices of the DSPS MMI re-
gion for different widths at W = W and W = W, respectively;
W, denotes the Goos—Hanchen shift.['®! The factor ¢ = 0 and
o = 1 correspond to transverse electric (TE) mode and trans-

verse magnetic (TM) mode, respectively. Because o > 1 in
the calculating process, the length of the DSPS MMI is shorter
than that of the DSLS MMI device as indicated by comparing
Eq. (6) with Eq. (8).

According to Eq. (8), it can be obviously indicated that
the beat length L of DSPS MMI region is equivalent to Ly /o,
where Ly is the beat length of traditional DSLS MMI in the
same condition. As shown in Fig. 3(b), it can be depicted
that the value of o declines exponentially with W, /W] increas-
ing. Considering the actual fabrication tolerance of electrode
heater, the value of W, /W is selected in a range from 0.5 to
1.0.

In the actual designing of DSPS MM]I, the radian (C) of
the parabolic curve is an important parameter and it is directly
related to a. The parameter C plays a key role in reducing the
interaction length and scattering loss of MMI region. The rela-
tionship between o and C is given in Fig. 3(c). From Fig. 3(c),
it can be found that with & increasing, C becomes large. To
control the interaction length and scattering loss effectively,
according to the actual experimental parameters, the value of
o is optimized to be 1.6. when W, /W, is chosen to be 0.7, C
is set to be 2.296x 107> um~'. So W, and W; are determined
to be 35 um and 50 pm, respectively. In this case, the length
of DSPS MMI region is only 62.5% of the length of the tradi-
tional DSLS MMI region.
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Fig. 3. (a) Comparison of length between the traditional DSLS MMI and DSPS MM (b) relation between o and Wy, /W; of DSPS MM (c¢) relation between
a and C of DSPS MMI.
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When the width W] is set to be 50 um, the optimized 25 0
length of DSPS MMI and traditional DSLS MMI region are 48 49 50 51 52
simulated by the beam propagation method (BPM), and the Wi/um

results are shown in Fig. 4. It is demonstrated that as given in
Fig. 4(a), the optimized length L;, of the DSPS MMI region
is 1610 um directly corresponding to the cross state with the
output optical normalized power of 83% as shown in Fig. 4(b),
and the optimized length L, of DSLS MMI is 2580 um with
the output power of 81% in the same state. For the bar states,
the output power of DSPS and DSLS MMI approximate to
zero. Comparing with the traditional DSLS MMI, the opti-
mized length of DSPS MMI can be effectively shortened by
37.6% in the same case. The wavelength-dependent charac-
teristic of DSPS MMI is analyzed, and the results are shown
in Fig. 5(a). It can be found that the optical output normal-
ized power of DSPS MMI directly at cross state exhibits good
stability in a wavelength range from 1545 nm to 1565 nm in
C-band. The relationship between the output power and the
width W) of the DSPS MMI is also calculated in Fig. 5(b). It

Fig. 5. Curves of bar and cross port output power versus (a) wavelength
and (b) W for DSPS MMI device.

2.2.2. Low power consumption and large extinction ra-
tio
For the driving power consumption of the TO waveguide
switch, the relevant equation is given as
H \ AT

€

©))

where L. and W, are the length and width of the electrode
heater, respectively; H is the thickness of the upper cladding;
K is the thermal conductivity and its value is 0.27 W-m~!-K~!
for the SiO, cladding, 0.2 W-m~'-K~! for the PMMA
cladding, and 0.16 W-m~!-K~! for the fluorinated photopoly-
mer; AT is the temperature change of the electrode heater.
As the optimized values, L., W, and H are set to be 400,
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25, and 2 pum, respectively. The TO coefficient of fluori-
nated photopolymer, PMMA and SiO, are measured to be
—1.85x107* K~ and —1.2 x 10~* K~!. Based on these de-
signing and experimental data, the optical transmission fields
of DSPS MMI switching response from cross to bar state are
simulated, and the results are shown in Figs. 6(a) and 6(b),
respectively. The driving electric power consumption is ob-
tained to be 14 mW. In contrast, the optical transmission fields
of DSLS MMI switching response from cross to bar state are
analyzed, and the results are displayed in Figs. 6(c) and 6(d),
respectively. The driving electric power consumption is cal-
culated to be 17.5 mW. It can be demonstrated that the DSPS
MMI TO switch, rather than the DSLS MMI TO switch, needs
lower driving electric power. Because the effective width of
DSPS MMI is narrower than that of DSLS MMI, the optical

(a)

2000

z/pm
z/pm

1000 1000

—20 0 20
@ /pm @ /um

Computed transverse mode profile (m =0, neg=1.5105)

0 2 4 6 8 10

modes’ distribution is more compact. The lower tempera-
ture change and shorter interaction length of DSPS MMI is
required to drive the power to the bar output port. The rela-
tionship between AT of the electrode and the output power of
DSPS TO switch is shown in Fig. 7(a) and that of the DSLS
TO switch is given in Fig. 7(b). It can be found that when
AT for the DSPS MMI and DSLS MMI are 18 K and 21 K,
respectively, the bar output port has a maximum output optical
power and the cross port has a minimum value. Besides, the
effective width of electrode obtained on the DSPS MMI is
narrower than that on the DSLS MMI, which means that W,
can be defined as a smaller value. From Eq. (9), the DSPS
MMI TO switch can realize lower power consumption than
the DSLS MMI TO switch. The optical field distribution of

(c)

2000

g
=3
~
" 1000
0
z/pm
(f) A 18 K
70 1 electrodes 15 K
6.0
50 12 K
4.0 wii ol I K
3.0 FBPA-PC EP 6 K
2.0
1.0 SiO; lower cladding layer 3K
0K

0 10 20 30 40 50

Fig. 6. (a) Simulations of optical field transmission for (a) DSPS MMI TO waveguide switch with no modulation, (b) DSPS MMI TO waveguide
switch with 14-mW driving power TO modulation, (c) traditional DSLS MMI TO waveguide switch with no modulation, (d) traditional DSLS
MMI TO waveguide switch with 17.5-mW driving power TO modulation, (e) optical field of input waveguide for DSPS MMI TO waveguide
switch, (f) thermal field distribution of MMI region of DSPS MMI TO waveguide switch with 14-mW driving power modulation.
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Fig. 7. Output power of bar and cross port versus temperature of electrode (AT') for (a) DSPS MMI TO switch and (b) DSLS MMI TO switch.
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switch.

the waveguide and the thermal field distribution of the elec-

SiOs5 lower cladding

Al electrode
PMMA-GMA cladding

SiO; lower cladding

developing

removing Al
and resist

trode heater for the DSPS MMI TO waveguide switch are also
simulated, and the results are given in Figs. 6(e) and 6(f), re-
spectively. About 93.3% of the normalized optical power is
confined into the waveguide core, and the driving temperature
AT of the electrode heater is obtained to be 18 K.

The curves for output power of bar and cross port versus
driving electric power of DSPS switch and DSLS MMI TO
switch are given in Figs. 8(a) and 8(b), respectively. The ex-
tinction ratio of the DSPS TO switch is 31.2 dB and that of the
DSLS TO switch is 27.1 dB. It can be found that the DSPS TO
switch, rather than that of the DSLS TO switch, exhibits lager
extinction ratio. It can be identified that the DSPS MMI can
provide low power consumption and large extinction ratio for
realizing high-quality integrated switching matrixes.

2.3. Fabrication and measurement of DSPS MMI TO
switch

The DSPS MMI TO waveguide switch is fabricated by
direct UV writing technique. The detailed process is shown
in Fig. 9, similar to those in Refs. [29] and [30] The resis-
tance of the Al electrode heater is measured to be 200 Q. The
profiles of MMI waveguide and electrode heater are given in
Figs. 10(a) and 10(b) by optical microscope (x200), respec-
tively. It can be seen that the size of the waveguide and elec-
trode can fit well to the parameters designed.

PMMA-GMA cladding

V lithography

SiO; lower cladding

evaporation

Al electrode
PMMA-GMA cladding

SiO2 lower cladding

Fig. 9. Fabrication process of DSPS MMI TO switch.

The experimental measurement system for the device is
shown in Fig. 11(a). A tunable laser source (Santec TSL-
210) with a wavelength range of 1510 nm—1590 nm is used
as a signal source. The DSPS MMI TO switch is modulated
by electric signal generated from a signal generator loaded on
the electrode heater. The output signal light is coupled by the

photodiode detector into the oscilloscope for observing TO re-
sponse. The insertion loss of the device is measured to be
7 dB at 1550 nm wavelength by the optical power meter. The
transmission loss of the waveguide is obtained to be 1 dB/cm
through the cut-back method. The TO switch response of the
device is measured in Fig. 11(b). The rise and fall time for
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the square-wave voltage at a frequency of 500 Hz are 240 us
and 340 ps. The actual curves for driving electric power and
output optical power between cross and bar states are shown
in Fig. 11(c). It can be found that when the power consump-
tion is 15.0 mW, the largest extinction ratio is 28.1 dB. The

m—10 pm

stability of the device with the temperature increasing is given
in Fig. 11(d). It can be observed that when the temperature of
the controller under the device varies from 0 °C to 50 °C, the
change for the insertion loss of the DSPS MMI switch is less
than 0.5 dB.

Fig. 10. (a) Profile of DSPS MMI waveguide region and (b) profile of electrode heater.
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Fig. 11. (a) Experimental setup for measuring DSPS MMI TO waveguide switch; (b) switch response of dual-size parabolic structural MMI
TO waveguide switches; (c) actual curves of output optical power versus driving electric power for cross and bar states of the DSPS MMI TO
waveguide switch at 1550 nm; (d) curve of insertion loss varying with temperature.

The comparisons of performance between fabricated
switch and other reported MMI TO switches are listed in Ta-
ble 1. It can be observed that our fabricated DSPS MMI TO
waveguide switch can achieve larger extinction ratio and lower

power consumption.

Table 1. Comparisons between our results and other published results
for MMI switch.

InxOut ER/dB PC/mW Reference
2x2 3 102 [31]
2x2 22 54.4 [32]
2x2 2 18.5 [33]
2x2 28 15 present work

3. Conclusions and perspectives

In this work, a DSPS MMI TO waveguide switch is de-
signed and fabricated by using the low-loss fluorinated pho-
topolymer materials. Comparing with the traditional DSLS
MMI device, the effective length of the MMI coupling re-
gion proposed can be effectively reduced by 40%. The ac-
tual performances of the MMI switch are measured: the in-
sertion loss is 7 dB, the switching power is 15 mW, and the
extinction ratio is 28 dB. In contrast to the traditional MMI
optical switches, the new type of parabolic structural MMI
TO waveguide switch exhibits lower power consumption and
larger extinction ratio. The compact fluorinated polymer MMI
TO switches as elements are suitable well for realizing minia-
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turization, high-properties, and lower cost of photonic inte-

grated circuits.
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